Abstract. The effect of ameliorating doses of hard coal fly ash (HCFA) on chemical properties of soil and on yields and chemical composition of crops was examined based on an experiment established in 1984. At first, typical agricultural crops were grown in the experiment, but in 1992 the field was turned into permanent grassland. The current study took place twenty-nine years after hard coal fly ash had been applied. Soil samples were collected from the 0-20 cm soil layer, corresponding to the compared treatments. The residual effect of HCFA doses increasing from 100 to 800 Mg·ha -1 caused a regular increase in the total content of Cd, Cr, Cu, Mn, Fe, Zn and Pb, as well as the forms of Zn, Cu, Mn, Fe and B soluble in 0.1 M HCl. The total content of the analyzed microelements increased by a maximum of 30% for cadmium up to 176% for zinc. The highest increase in the content of soluble forms ranged from 25% for Fe to 760% for boron. The share of Zn bd , i.e. permanently bound to soil, to Zn tot , i.e. the total zinc form, was positively correlated with pH in KCl, the C:N ratio and the content of Cu permanently bound with soil. Regarding the share of Fe bd in Fe tot , correlations with pH in H 2 O and in KCl, content of organic matter (SOM) and the C:N ratio were demonstrated. No such correlations were proven with respect to the other elements.
limitation of dust emission imposed by the legal regulations introduced to the Polish law after the country's accession to the European Union [14] [15] [16] led to the reduction of the annual fly ash emission from power generating plants, industrial power plants, industrial technologies, local boilers, household furnaces, trade workshops, agriculture, etc. from 115,000 Mg in 2000 to 76,000 Mg in 2011 [20] . However, the volume of fly ash still remains very large and this stimulates the search for its possible applications in economy. in Europe and in the USA, 70% of fly ash on average is used by the construction industry. Hard coal fly ash contains several biogenic macro -and microelements, compounds with deacidifying properties and highly sorptive substances, which often gives rise to concepts of using it in agriculture [4, 5, 8, 10, 12, 22, 29, 30, 32, 41, 42, 44] . Possible applications of fly ash in farming attract much attention in Asian countries, such as india and China, where just 38 to 45% of the fly ash produced is used by civil engineering [34, 38] .
Despite quite convincing evidence in favor of hard coal fly ash (HCFA), this by-product was not included in the list of the waste with possible agricultural applications, published in the attachment to the regulation of the Ministry of the Environment of 5 April 2011, on the R10 recovery process [17] . One of the reasons is the highly diverse chemical composition of coal burnt for power generation. The agricultural use of HCFA raises many controversies due to its content of toxic trace elements, such as Cu, Sr, Ni, Cr, Zn, Cd, Mo, Se, Pb, As, V, Hg, Ba, U, Ra, Th and B, which can be a potential hazard for the natural environment [4, 9, 27, 28, 37, 38, 41] .
A possible solution to control the toxic effect of metals introduced to soil together with HCFA recycled as an environmental resource is the concurrent application of other substances, e.g. straw, tree bark, composts and brown coal, which can bind insoluble metal-mineral or metal-organic forms. Under favorable conditions, such compounds can remain in the soil for a long time as harmless substances [7, 10, 36, 46, 47] . This is also a way to improve the soil's balance in terms of nitrogen compounds, of which hard coal fly ash is practically void [12, 19] , and carbon compounds, whose concentrations range from 2.3% to 25.3% by weight [39] .
The objective of the research was to demonstrate the residual effect of ameliorating doses of hard coal fly ash on the content of selected microelements in the arable horizon of soil. The studies comprised the total content of Cd, Pb, Cr, Zn, Cu and Mn as well as the concentration of the forms of Zn, Cu, Mn, Fe and B soluble in 0.1 M HCl.
MATERiAL AND METHODS
The research was based on a field experiment started in 1984 by Grzegorz Nowak and Zdzisław Ciećko, both from the University of Agriculture and Tech-nology (today's University of Warmia and Mazury in Olsztyn). The experiment was situated in the commune of Lelis, in the village called Łęg Starościński (53°11'30,81"N 21°57'20,20"E), in the Province of Masovia (Poland). it was set up on fluvisol with the textural composition of sandy loam: 63% sand, 30% silt, and 7% clay according to the World Reference Base [21] . in the Polish soil valuation system, it belongs to the poor rye complex, class V.
initially, the soil was moderately rich in available phosphorus (55 mg P kg -1 ), but rich in available potassium (152 mg K kg -1 ) and magnesium (55 mg Mg kg -1 ). The soil reaction measured in water and in 1 mol KCl dm -3 was 6.5 and 5.6, respectively. The complex sorptive capacity was 12,5 cmol (+) kg The fly ash used in the experiment contained (per 1 kg of dry matter): 491 g SiO 2 , 1.7 g P, 2.9 g K, 15.0 g Ca and 7.1 g Mg, and its pH in 1 M KCl was 9.2. The second factor was the use of organic substances, introduced to soil together with fly ash. The following were incorporated into the soil in the amount of 10 Mg of dry matter per 1 ha: manure, straw and tree bark. The experiment was set up according to the random block method with four replicates. The surface area of each plot was 54 m 2 . HCFA and the organic substances were applied once, in the autumn of 1984, under winter ploughing. During the first six years, typical agricultural crops were grown on the experimental field, but in 1992 it was all sown with a mixture of grasses and transformed from a ploughed field into permanent grassland.
The residual effect of fly ash and the simultaneously applied organic substances on the physicochemical soil properties was tested in 1985, 1986, 1987, 1988, 2003 and in 2013. The soil analyses made in 2003 showed that the organic supplement introduced to soil 19 years earlier no longer had any significant effect on the soil's content of macro -and microelements [44] . Hence, since 2003, the experiment has been treated as a single-factor one, in which the only experimental factor is the application of various doses of HCFA.
The study discussed herein was based on representative aggregated soil samples taken on 10 August, 2013 from individual plots. The samples were collected from the 0-20 cm soil layer at four repetitions across a plot, using an Egner sampler. The soil samples were air dried, passed through a sieve with the 1.0 mm mesh size and stored in plastic containers.
The total content of microelements (Me tot ), i.e. Cd, Pb, Cr, Zn, Cu, Mn and Fe, was determined in air-dry soil. Samples were mineralized in a mixture of HNO 3 and HClO 4 (1:1) under infrared, in a Turbotherm TT 125 Rapid Digestion System (Gerhardt Fabrik und Lager Chemischer Apparate GmbH & Co. KG Germany).
The content of soluble forms of microelements (Me av ), i.e. Zn, Cu, Mn, Fe and B, was determined after soil extraction in 0.1 M HCl (at the 1:10 soil to solution ratio) Both forms of elements were analyzed with flame atomic absorption spectroscopy (FAAS) on an AAS 1 apparatus (Carl Zeiss Jena, Germany). Merck standard solutions of the elements were taken for reference.
Percentage shares of the forms of elements fixed in soil (Me bd ) were presented as the difference between the total form and the soluble form of elements, expressed relative to the total form, according to the formula:
( 1) where: Me tot -total content of element (mg kg -1 of soil), Me av -available form of element (mg kg -1 of soil).
The results underwent statistical processing with a one-way analysis of variance at the significance level of p=0.05, aided by the statistical calculation module of Statistica v. 10.0 [40] . Least significant differences (LSD) and homogenous groups were distinguished with the significance test by Newman-Keulus. Starndard error (±SE) and correlation power between the analyzed characteristics were expressed by the Pearson's simple correlation coefficient (r), calculated with the help of MS Excel 2010 [31] . Statistical significance of the correlation coefficients at n-2 degrees of freedom was computed based on critical value tables [6] at the level of significance of α=0.05 (*) and α=0.01(**), assigning symbols of significant and highly significant correlation, accordingly. Frequency of pairs of observations (n) of the determinations performed is given in the keys under the tables and diagrams. RESULTS 
AND DiSCUSSiON
Despite the 29 years elapsing from the application of hard coal fly ash (HCFA), their impact on the content of the analyzed microelements in the arable layer of soil is still evident ( Table 1) . The analysis of variance showed that in principle the content of all the microelements corresponded positively with a dose of HCFA, regarding both their total and soluble forms. The maximum increase in the total content of the microelements in the extreme treatments, i.e. treated with the doses of 100 and 800 Mg ha -1 of fly ash, versus the control soil (CS), without addition of HCFA, was as follows: Mn -from 2 to 52%, Pb -from 15 to 55%, Fe -from 1 to 77%, Cu -from 5 to 90%, Cr -from 17 to 95% and Zn -from 38 to 176%. it needs to be underlined that 29 years after the application of fly ash, the content of the most toxic element, which is cadmium, did not differ significantly among the 0-100-200 Mg HCFA ha -1 treatments. However, it was significantly elevated versus CS after the application of 400 Mg of HCFA ha -1 . The treatments which had received the doses of 400 and 800 Mg . Each of the HCFA doses applied 29 years before resulted in an increase in the soil content of Zn tot . A comparison of the content of the analyzed elements with the recommendations proposed by the iUNG in Puławy [23] suggests that none of the elements (Cd, Cu, Zn and Pb) exceeded significantly the content corresponding to the zero contamination degree of soils, i.e. the natural content. Analogously, fly ash introduced to soil in the doses of 100-800 Mg ha -1 did not demonstrate any significant impact on contamination of the soil environment in the previous studies. The concentrations of the analyzed elements were only slightly above the standards set for types of land classified as group B, i.e. farmlands, and in some cases were almost within the ranges of concentrations assigned to lands of group A, i.e. protected areas [18] . . The application of HCFA resulted in an increase in the available forms of the elements in the soil, although a significant effect of the whole range of doses, i.e. 100 do 800 Mg HCFA ha -1 , was observed only with respect to Zn av , Cu av and B av . Regarding Mn av and Fe av , it was shown that the threshold dose at which the content of these forms of the elements began to rise was 400 Mg HCFA ha -1 . The results prove firmly that the applied fly ash has contributed to a permanent increase in the soil content of the analyzed microelements. Noteworthy are the very high doses of HCFA used in the discussed experiment (from 100 to 800 Mg ha -1 ) and yet the currently determined content of the analyzed elements (and For nature conservation and protection, and in particular, for remediation of soil polluted with heavy metals, it is extremely important to evaluate dependences between soil properties and the levels of available as well as bound forms of elements in the soil. in this study, the correlation power was assessed between selected chemical properties of soil. i.e. pH measured in H 2 O and in 1 M of KCl solution, content of soil organic matter (SOM) and the C:N coefficient relative to the share of the soil-bound form of an element in its total content for such elements as manganese, copper, zinc and iron (Table 3) . The comparison demonstrated that all of the examined soil chemical properties (pHH 2 O, pHKCl, SOM, C:N) are strongly and positively correlated with one another, which is supported by the correlation coefficients r within the range of 0.81** -0.96** [8, 11] . The participation of the bound form (Me bd ) in the case of Mn bd was not correlated with any of the compared values. With respect to copper, the value of Cu bd was not significantly dependent on any of the compared properties. However, it was shown that Cu bd was highly significantly and negatively correlated with Zn bd (r=-0,67**), which implicates antagonism between these elements. The relationship illustrated in Fig. 1 indicates that the ionic equilibrium between the two elements occurred at the Cu bd in Cu tot contribution = 56.72 %, at which the Zn bd in Zn tot share = 68.47%. The above suggests that the relative content of the forms of zinc and copper beyond this level tended to increase, although at the content of Cu bd > 57%, the share of Zn bd in the total The increase in the Zn bd percentage in the total content of zinc found in our experiment was also significantly correlated with pH measured in 1M KCl (r=0.39*) and with the C:N ratio (r=0.39*; Table 3 ). While the measured soil reaction was increasing to 5.94 , and the content of organic soil matter was rising, as a result of which the C:N ratio was widened to the value of 15.92, zinc soluble forms could undergo immobilization. Any excess of the values of the above parameters are associated with Zn bd being transformed into Zn av . No such dependences were noted in the case of Mn bd and Cu bd . The strongest dependences between the analyzed parameters were verified for iron. An increase in the Fe bd form in Fe tot was highly significantly and positively correlated with the soil reaction, increase in soil organic matter and the C: N ratio (Table 3, Figure 2) . These results are indicative of the fact that iron belongs to elements whose solubility is largely dependent on the balance between H + and OH -ions, and on the content of organic carbon. As soil became less acidic and its carbon content increased, iron was bound in insoluble forms.
The results show that the increasingly higher doses of fly ash contributed to a change in the soil's reaction, thus affecting the soil content of carbon and nitrogen [11] . This way, they significantly influenced the relative shares of soluble and insoluble forms of the analyzed microelements in soil. Application of hard coal fly ash on farmland can contribute to the increase of the soil content of micronutrients as well as heavy metals. On the other hand, the high deacidifying power of fly ash resulting from its content of alkaline elements (Ca, Mg, K) and the physical properties of fly ash [1, 45] Despite a number of advantages that can be gained from agricultural utilization of waste originating from combustion of hard coal, in the light of reports on other, less known effects of HCFA on the environment, e.g. on specific activities of U, Th, Ra and K radionuclides [3, 37] , and in line with the Act of 5 April 2011, on R10 recovery process [17] , only fly ash from combustion of peat and wood or straw can be used in agriculture. CONCLUSiONS 1. Hard coal fly ash applied in soil ameliorating doses of 100-800 Mg HCFA ha -1 permanently raised, compared to the control treatment, the total content and concentrations of soluble forms of microelements in soil. 2 . Twenty-nine years after the application of HCFA ameliorating doses, the trace elements determined in the soil did not seem to exceed the threshold levels set by the Polish regulations for land used for farming; moreover, the detected content was within the limits determined as the geochemical background.
3. The analysis of correlation showed that iron was an element most strongly connected with pHH 2 O, pHKCl, SOM, C:N, with zinc being only slightly less correlated with these parameters. No such correlations were demonstrated for the other microelements. 4 . it can be concluded in the light of the above results that changes within the soil content of trace elements and microelements detected twenty-nine years after the application of HCFA were beneficial, but because of the presence of some less known and harmful elements, the provisions of Act of 5 April 2011 on the process of recycling combustion by-products pertaining to hard coal fly ash should be re-affirmed
